gag virus-like particles (VLPs) released by budding from yeast spheroplasts, we have analyzed the effects of yeast VLPs on monocytederived dendritic cells (DCs). Yeast VLPs were efficiently incorporated into DCs via both macropinocytosis and endocytosis mediated by mannose-recognizing receptors, but not the mannose receptor. The uptake of yeast VLPs induced DC maturation and enhanced cytokine production, notably, interleukin-12 p70. We showed that yeast membrane components may contribute to DC maturation partly through Toll-like receptor 2 signaling. Thus, Gag particles encapsulated by yeast membrane may have an advantage in stimulating Gag-specific immune responses. We found that yeast VLPs, but not the control yeast membrane fraction, were able to activate both CD4 ؉ and CD8
The cytotoxic T lymphocyte (CTL) is the primary specific effector that protects hosts from virus infection including human immunodeficiency virus (HIV). During acute HIV infection, CTL activity is temporally associated with the initial decline in plasma viral RNA (6, 21) . Strong HIV type 1 (HIV-1)-specific CTL responses have also been demonstrated in several cohorts of individuals who were infected with HIV-1 long before they developed any clinical manifestations, i.e., long-term nonprogressors (LTNPs) (32) . The importance of CTLs has been clearly demonstrated by the increase in virus load in macaques depleted of CD8 ϩ T cells prior to simian immunodeficiency virus infection (17, 36) . However, the role of CTLs in chronic HIV infection is still not clear.
When HIV-recombinant vaccinia-infected autologous B cells were used as antigen-presenting cells (APCs), gamma interferon-positive (IFN-␥ ϩ ) CD8 ϩ cells were frequently detected at all stages of HIV infection (13) . However, several studies with the major histocompatibility complex (MHC) class I peptide tetramer complex combined with the analysis of peptide-specific IFN-␥ production have suggested that the number of HIV-specific CD8 ϩ T cells is maintained during progression to AIDS but that CTL function based on IFN-␥ production is impaired (14, 19, 20, 37, 46 ; Y. Sun et al., submitted for publication). These results indicate that HIV-specific CD8 ϩ T cells in chronic HIV infection have different degrees of anergy (25) , and apparently, HIV-specific CD8 ϩ T cells are not effective enough to control virus replication.
A hybrid HIV-1 V3 loop-yeast Ty virus-like particle (VLP) has been shown to induce antibody and CTL responses against HIV env without adjuvant (1, 23) . It was assumed that viral proteins in particulate form facilitate uptake into APCs with subsequent access to the MHC class I processing pathway (5) . Nonreplicating, self-assembled VLPs of Pr55 gag can be released from various eukaryotic cells by budding (44) . Because VLPs are noninfectious yet morphologically and antigenically similar to naive virions, they are candidates for a vaccine against HIV infection (45) . Indeed, recent studies with macaques have shown that HIV-1 p55
gag VLPs can induce strong and long-lived CTL activity against multiple HIV-1 p55 gag epitopes (30) . However, the precise mechanism of action by which these VLPs are able to elicit immune responses has not been fully elucidated.
Dendritic cells (DCs) are the professional APCs and play a crucial role in the initiation of immune responses. They ingest antigens by phagocytosis, macropinocytosis, and receptor-mediated endocytosis (40) . When DCs mature, their antigen presentation capacity increases, which is accompanied by the upregulation of MHC antigens, CD83, and other costimulatory molecules such as CD40, CD80, and CD86. The maturation signal is triggered by a variety of microbes through Toll-like receptors (TLRs) (2) . It has recently been shown that papillomavirus-like particles can induce maturation in a similar manner in human (33) and mouse DCs (24) in vitro. Therefore, particulate antigens may have a common effect on DCs, irrespective of the source of virus, which may explain the strong anti-HIV immune responses of p55 gag VLPs without any adjuvant in vivo (7, 30, 44) .
By utilizing the potent antigen-presenting activity of DCs, it may be possible to restore the function of CD8 ϩ T cells in HIV-infected individuals. A novel method was recently developed, using yeast spheroplasts, to produce HIV-1 Gag VLPs that are encapsulated with the yeast plasma membrane (34) . Since a whole recombinant yeast carrying the OVA antigen has been shown to activate DCs and to elicit protective cell-mediated immunity in mice (38) , yeast-derived VLPs may have strong immunogenicity to activate Gag-specific CTLs. To address this issue, we have analyzed the interaction of these yeast VLPs with monocyte-derived DCs. We demonstrate here that yeast VLPs are capable of inducing maturation of DCs that is accompanied by a high level of interleukin-12 (IL-12) production. The yeast membrane component was partly responsible for DC maturation through TLR2 signaling. We also show that DCs loaded with yeast VLPs can activate CD8 ϩ T cells in HIV-infected individuals. Moreover, even in individuals chronically exposed to HIV, at least some Gag-specific CD8 ϩ T cells have the potential to terminally differentiate into perforinpositive effector T cells via stimulation of yeast VLP-loaded DCs.
MATERIALS AND METHODS
Reagents. All cultures were carried out with RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, and antibiotics (Invitrogen Corp., Carlsbad, Calif.). Labeled monoclonal antibodies (MAbs) against CD40, CD83, CD86, HLA-ABC, and HLA-DR and unlabeled MAbs against mannose receptor, DC-LAMP, and DC-SIGN were all purchased from BD Bioscience (San Jose, Calif.). Alexa 660-labeled anti-mouse immunoglobulin G (IgG) (Molecular Probes, Inc., Eugene, Oreg.) was used as a secondary antibody. Antihuman Golgin-97 and Alexa 546-conjugated dextran (10 kDa) were purchased from Molecular Probes. HLA-A2.01-restricted Gag77-85 peptide (SLYNTV ATL) or Pol309-317-peptide (ILKEPVHGV) MHC class I tetramer complex (Gag-or Pol-tetramer) and HLA-A2.01-restricted Epstein-Barr virus (EBV)-peptide (BMLF1:GLCTLVAML) tetramer (EBV-tetramer) were obtained from Immunotech (BD Bioscience).
Purified anti-tumor necrosis factor alpha (TNF-␣) (IgG1) was purchased from Roche Diagnostics Co. Ltd. (Tokyo, Japan). Purified anti-TLR2 (TL2.1, IgG2a) and anti-TLR4 (HT125, IgG2a) were obtained from eBioscience (San Diego, Calif.). Cytokines, TNF-␣ and IL-4, were obtained from PeproTech Inc. (London, England). Granulocyte-macrophage colony-stimulating factor was a kind gift from M. Tatsumi, Department of Veterinary Science, National Institute of Infectious Diseases (NIID), Tokyo, Japan. Escherichia coli lipopolysaccharide (LPS), mannan, LY294002, and fluorescein isothiocyanate (FITC)-mannolysated bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, Mo.).
Study populations. Fresh peripheral blood mononuclear cells (PBMCs) of 6 noninfected and 16 HIV-infected individuals were tested for reactivity to VLP. Four of the HIV-infected patients were not on therapy and had various virus loads ranging from 3,100 to 61,000 copies/mm 3 , and 12 patients were on highly active antiretroviral therapy, six of whom had a residual virus load (150 to 8,100 copies/mm 3 ). None of these HIV-infected individuals were hospitalized, and they had either moderate or no depletion of CD4 ϩ T cells (374 to 998 cells/mm  3 ;  average, 544 cells/mm 3 ). Frozen PBMCs of three subjects from the ALT (asymptomatique long temps) cohort were used for the study carried out in France. Patients in the ALT cohort of LTNPs and slow progressors (SPs) met the following criteria: an HIV seropositivity evolving for at least 8 years with stable CD4 cell counts above 600 cells/mm 3 for the last 5 years, no clinical symptoms, and no antiretroviral therapy. These blood samples were collected with written informed consent and approved by the ethical committees in France and Japan.
Preparation of DCs and T cells. PBMCs from healthy donors or HIV-infected individuals were separated by a Ficoll-Hypaque density gradient (Lymphosepal; IBL, Gunma, Japan) and enriched for CD14 ϩ cells with magnetic anti-CD14 beads and a magnetic cell sorter (Miltenyi Biotec, Cologne, Germany). To obtain monocyte-derived DCs, CD14 ϩ cells were cultured in the presence of IL-4 (100 U/ml) and granulocyte-macrophage colony-stimulating factor (500 U/ml) for 1 week, essentially as described previously (41) . CD14 Ϫ cells were kept frozen until DCs were generated and used as a T-cell source. In some experiments, CD14
Ϫ cells were reacted either with anti-CD4 or anti-CD8 beads, followed by the magnetic cell sorter column procedure to positively select CD4 ϩ or CD8 ϩ T cells. The purities of these enriched population were 85 to 90% (CD4) and 93 to 95% (CD8), as assessed by flow cytometry.
For the mixed-lymphocyte reaction (MLR), CD4 ϩ T cells were negatively selected by depletion with anti-CD8, -CD14, -CD11b, -CD16, -CD20 and anti-HLA-DR MAbs followed by an anti-mouse IgG column (BIOTEX Inc., Edmonton, Canada) as described previously (41) . In this case, the purity was Ͼ96%.
Allogeneic CD4
ϩ T cells (10 5 ) were cocultured in the presence or absence of DCs (10 4 ) for 5 days in a 96-well flat-bottom microplate. Production of yeast VLPs of HIV-1. VLPs of HIV-1 were produced from yeast as described elsewhere (34) . Briefly, a full-length HIV-1 (the IIIB strain) gag gene was amplified by PCR and subcloned into the yeast expression vector pKT10. Saccharomyces cerevisiae was transformed by this vector, and a spheroplast was formed by the standard procedure by using Zymolase (Seikagaku Kogyo, Co. Ltd., Tokyo, Japan). After two washings with 1 M sorbitol, spheroplasts were cultured overnight at 30°C in yeast extract-peptone-dextrose medium containing 1 M sorbitol. During the culture period, budding of Gag VLPs occurred from the transformed spheroplasts. The culture supernatant was clarified at 7,000 rpm for 30 min and centrifuged through 30% sucrose cushions in an SW28 rotor (Beckman Coulter, Inc., Palo Alto, Calif.) at 26,000 rpm for 1.5 h. The VLP pellets were resuspended and centrifuged on 20 to 70% sucrose gradients in an SW41 rotor (Beckman) at 35,000 rpm overnight. Following fractionation, the peak fractions containing VLPs (corresponding to 50 to 55% of the sucrose fraction) were collected, diluted with phosphate-buffered saline (PBS), and pelleted by centrifugation. Purified VLP pellets were resuspended with PBS and quantitated by Western blotting with the anti-HIV-1 capsid MAb (Advanced Biotechnologies Inc., Columbia, Md.) and by Coomassie brilliant blue staining. Serial threefold dilutions of the purified VLP suspension were compared with standard dilutions prepared with purified soluble Gag protein (Innogenetics, Alpharetta, Ga.) for Western blotting or BSA (Sigma-Aldrich) for Coomassie brilliant blue staining. As a control, the culture supernatant of emptyvector-transformed spheroplasts was purified from the equivalent culture volume by the same procedure as for VLPs (control culture supernatant [CS] ).
For localization of VLPs in DCs, VLPs expressing the Gag-enhanced green fluorescent protein (EGFP) fusion protein (VLP-EGFP) were produced. The gag gene (truncated just before the termination codon) and the EGFP gene were amplified by PCR and ligated in frame. The DNA fragment encoding the Gag-EGFP fusion protein was cloned into pKT10. Spheroplast formation and purification of VLP-EGFP were carried out as described above.
Enzyme-linked immunospot (ELISPOT) assay. Hemagglutinin-multiscreen plates (Millipore, Burlington, Mass.) were precoated with 100 l of PBS containing 1 g of anti-human IFN-␥ MAb (clone 1-D1K; Mabtech, Cincinnati, Ohio)/ml, incubated overnight at 4°C, washed, and blocked with RPMI 1640-10% FBS for 2 to 3 h at 37°C. DCs were pulsed overnight with 10 g of VLPs or CS/ml, washed, and plated with T cells at a DC/T cell ratio of 1:10 in duplicate or triplicate. The cultures were incubated for 40 h at 37°C. Cells were washed with tap water and followed by three washes with PBS-Tween 20 (0.05%). Wells were incubated with biotin-conjugated anti-human IFN-␥ MAb (clone 7-B6-1; Mabtech) in PBS containing 0.5% Tween 20 and 0.5% BSA for 2 h at 37°C, washed extensively, and reacted with horseradish peroxidase-conjugated streptavidin (Boehringer-Roche) for 1 h at room temperature (RT). After washing, VOL. 77, 2003 CROSS-PRESENTATION OF HIV Gag BY YEAST VLP-LOADED DCsspots were stained with AEC (Sigma-Aldrich), and colored spots representing the IFN-␥-producing cells were counted under a microscope (Nikon Co. Ltd., Tokyo, Japan). Confocal microscopy. Immature DCs at day 7 were loaded with VLP-GFP for 20 min, washed twice with cold medium, and then incubated further for 1 or 4 h or overnight. Cells were fixed on a slide with 1% formalin-PBS for 20 min at RT, washed, and incubated with the first mouse MAb for 1 h in PBS containing 30% goat serum, 2% fetal calf serum, and 0.05% sodium azide in the presence or absence of 0.025% digitonin (Sigma-Aldrich). Slides were washed and reacted with Alexa 660-conjugated anti-mouse IgG for 1 h at RT. At the final wash with PBS-2% fetal calf serum-0.05% sodium azide, propidium iodide (PI) was added for nuclear staining. The samples were analyzed by confocal laser microscopy (Carl Zeiss Jene GmbH, Jena, Germany).
Fluorescence-activated cell-sorter (FACS) analysis. Flow cytometric detection of surface and intracellular antigens was performed essentially as described previously (42) . For in vitro stimulation with peptides, T cells were incubated with peptides (2 g/ml) for 2 h and cultured further for 4 h in the presence of 10 g of brefeldin A (Sigma-Aldrich)/ml. For long-term cultured cells, perforin secretion was blocked by adding 2 M monensin (Sigma-Aldrich) during the final 6 h of culture. Cells were collected, incubated with 5 g of EMA (Molecular Probes, Inc.)/ml under room light, washed, and then stained with phycoerythrin (PE)-labeled Gag or EBV tetramer or control tetramer in combination with APC anti-CD8 MAb for 40 min on ice. Samples were then washed and fixed with 4% paraformaldehyde in PBS for 20 min at RT, followed by washing with permeabilization buffer containing 0.2% saponin in the staining buffer (PBS containing 2% FBS or 0.5% BSA and 0.05% sodium azide). The fixed and permeabilized cells were incubated with FITC-conjugated anti-perforin, PE-conjugated anti-IFN-␥, or isotype-matched control MAbs for 30 min on ice. Stained cells were analyzed by FACScalibur (BD Bioscience) by using the Cell Quest program.
Detection of cytokines. The culture supernatant of immature DC incubated with or without 10 g of VLP/ml or in the presence of 100 ng of LPS/ml was collected at 2 days and kept frozen. The cytometric bead array (CBA) kit (BD Bioscience) was utilized to measure the level of cytokines (IFN-␥, IL-12 p70, IL-10, IL-6, TNF-␣, IL-8, and IL-1␤) in these supernatants.
Statistical analyses. Intergroup comparisons were performed with the MannWhitney U test (for univariate nonparametric group analysis). All P values were two-tailed and considered significant if less than 0.05.
RESULTS

Uptake of yeast VLPs by DCs.
According to the production and purification methods described in the previous report (34), we prepared two forms of VLPs, one containing Gag protein and the other containing Gag-EGFP fusion protein from yeast spheroplasts (referred to as VLP and VLP-EGFP, respectively). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent Coomassie brilliant blue staining ( Fig. 1) revealed that each material contained one major protein, Gag or Gag-EGFP (confirmed by Western blotting) (data not shown) and several minor proteins also present in the sample prepared from the culture supernatant of spheroplasts transformed by an empty vector (referred to as CS). As Gag or Gag-EGFP was the only major and known protein in each VLP sample, the levels of VLPs were evaluated by Western blotting along with serially diluted Gag protein as a standard.
Monocyte-derived DCs are immature and efficiently internalize extracellular materials via mannose receptor-mediated endocytosis or macropinocytosis (35) . We first examined the uptake of yeast VLPs by using confocal microscopy. We added VLP-EGFP (40 g/ml) to DCs and incubated them at 37°C. Twenty minutes later, DCs were washed twice to remove extracellular VLP-GFP and were spotted onto glass slides immediately or after further incubation for 1 or 4 h or overnight at 37°C. Then, slides were fixed and stained with a MAb against the mannose receptor, DC-SIGN, DC-LAMP, or anti-Golgin-97, and subsequently with Alexa 660-conjugated anti-mouse IgG in the absence (for surface staining) or presence (for permeabilization) of digitonin. PI was used for nuclear staining. Dot-like EGFP signals were scattered on the cell surface 20 min after incubation ( Fig. 2a and b) , and then accumulated predominantly in the perinuclear region 1 h (Fig. 2c ) and 4 h (Fig. 2d) later. Because yeast VLPs were budded from yeast membranes rich in mannose, a family of C-type lectins, including the mannose receptor and DC-SIGN, may mediate the internalization of yeast VLPs. The mannose receptor and DC-SIGN were highly expressed on the cell surface of immature DCs ( Fig. 2a and b, respectively) , as well as in the cytoplasm of permeabilized cells (data not shown). However, colocalization of VLP-EGFP with the mannose receptor was not obvious (Fig. 2a) while signals of VLP-EGFP and DC-SIGN overlapped partially (Fig. 2b) , indicating that some VLP-EGFP binds to DC-SIGN. DCs expressing DC-LAMP, which is one of the DC maturation markers (9) , were minimal at 20 min (data not shown) and 1 h later (Fig. 2c) . Of note, DC-LAMPpositive DCs contained no or few VLPs at these time points. Four hours later, DC-LAMP-positive cells increased and some VLP-EGFP positive cells were also DC-LAMP positive (Fig.  2d) . Taken together, the internalization of VLPs into DCs occured within 1 h of exposure, which directly or indirectly induced the maturation of DCs during the subsequent 4-h incubation. After incubation overnight, VLP-EGFP was still visible, mostly in the perinuclear region. As shown in Fig. 2e , anti-Golgin-97, which specifically recognizes the 97-kDa granin family protein on the cytoplasmic face of the Golgi apparatus (16) , stained this region exclusively, supporting the notion that VLP-EGFP accumulated in the Golgi-rich region.
We then compared the mechanism of capture of yeast VLPs with other macromolecules such as dextran and mannosylated BSA (manBSA) by flow cytometry. Mannan and the anti-man- nose receptor MAb were used to block mannose-mediated uptake. The phosphatidylinositol 3-kinase inhibitor LY294002 inhibits signal transduction essential in membrane ruffling (4) and was used as an inhibitor of macropinocytosis. As shown in Fig. 3a , we found that preincubation of DCs with mannan (2 mg/ml) for 30 min significantly reduced uptake of VLP-EGFP, FITC-labeled manBSA, and Alexa 546-labeled dextran, although the inhibition was not complete. Anti-mannose receptor MAb (10 g/ml) inhibited the uptake of manBSA, as mannan did, and partially inhibited uptake of dextran while the uptake of VLP-EGFP was not inhibited at all by this MAb. When DCs were pretreated with LY294002, the uptake of all these molecules was substantially reduced (Fig. 3b) . Taken together, we conclude that similar to manBSA and dextran, both macropinocytosis and receptor-mediated endocytosis mediate the uptake of yeast VLPs and that mannose-recognizing receptors, including DC-SIGN, but not the mannose receptor, may be involved in this process.
Yeast VLP induces a maturation phenotype of DCs. Since maturation of DCs can be induced by TNF-␣, we compared VLP-induced maturation with TNF-␣-induced maturation by flow cytometry. Immature DCs were incubated with 1 or 10 g of VLPs/ml or with 10 ng of TNF-␣/ml for 2 days, and the surface expression of CD83 and HLA-DR, the representative surface markers of mature DCs, was then examined. As shown in Fig. 4 , the expression of both CD83 and HLA-DR was upregulated strongly with 10 g and weakly with 1 g of VLPs/ml. The expression level of these molecules induced by 10 g of VLPs/ml was equivalent to that induced by TNF-␣. The expression levels of CD1a and CD11c, which are specific markers of monocyte-derived DCs, were not altered. Interestingly, we found that a similar maturation phenotype was in- duced by yeast culture supernatant without Gag particle (CS) (Fig. 5a ), suggesting that the cellular components of yeast, but not the Gag particle itself, contribute to the phenotypic maturation of DCs. DC maturation is characterized by the production of cytokines that are important for the activation of T cells. We assessed the level of a variety of cytokines, including IFN-␥, TNF-␣, IL-6, IL-12 p70, IL-1␤, IL-8, and IL-10, in the supernatant of DCs cultured for 2 days with yeast VLPs or CS with a FACS-based CBA kit. The representative result of one of three experiments is shown in Fig. 5b . The production of IFN-␥ and IL-1␤ was not induced in these cultures, and a high level of IL-8 was produced even in immature DCs without stimulation. Notably, VLP-stimulated DCs produced a higher level of IL-12 p70, TNF-␣, IL-10, and IL-6 than did CS-stimulated DCs. These results indicate that DC maturation induced by yeast VLPs is coupled to the production of various cytokines and is not dependent on the cellular components of yeast.
Strong stimulation of MLR is considered to indicate functional maturation of DCs. Therefore, we compared the MLR stimulation capacity of phenotypically matured DCs by CS or VLP. We examined the proliferation of allogeneic CD4 ϩ T cells of three donors by coculturing with immature CS-pulsed or VLP-pulsed DCs. As shown in Fig. 5c , VLP-pulsed DCs more effectively stimulated allogeneic T cells than immature or CS-pulsed DCs in two of three donors. The result indicates that yeast VLPs are able to induce functional maturation of DCs.
Maturation of DCs by VLPs is partially mediated by signaling through TLR2. TLRs play an important role in DC maturation, probably through the production of TNF-␣. Immature DCs express various types of TLRs (29, 43) . Among them, TLR4 recognizes LPS of gram-negative bacteria while TLR2 recognizes a wide variety of infectious pathogens and their products, including lipoproteins, peptidoglycan, and a major component of the yeast cell wall, zymosan (2). Because TLR2 and TLR4 differentially activate DCs (31), we compared the level of cytokines produced by DCs stimulated with either VLP or LPS in the presence of blocking MAb against each TLR (11, 39) . As shown in Fig. 6 , VLP-stimulated DCs produced a higher level of IL-12 p70 than LPS-stimulated DCs while the level of IL-10 production was lower in VLP-stimulated DCs than in LPS-stimulated DCs. This preferential production of IL-12 over IL-10 could be important to support the Th1 type responses of Gag-specific T cells. When DCs were preincubated with a MAb against TLR4, the production of both TNF-␣ and IL-10 was strongly inhibited in LPS-stimulated DCs. In contrast, anti-TLR4 MAb did not affect IL-10 production, and TNF-␣ production was only partially inhibited by anti-TLR2 MAb in VLP-stimulated DCs. Representative results of three experiments are shown here. Taken together, these results suggest that DC maturation induced by yeast VLPs is not equivalent to that induced by LPS: yeast VLPs may utilize TLR2, but not TLR4 signaling for TNF-␣ production. The trace amounts of the yeast cell wall component zymosan remaining in the VLP preparation even after the treatment by zymolase may have been recognized by TLR2.
Activation of T cells by yeast VLPs in HIV-infected individuals.
As yeast VLPs induce maturation and production of IL-12 in DCs, it is possible that yeast VLPs internalized by DCs may serve as potent antigens that activate Gag-specific T cells in HIV-infected individuals. To test this possibility, we generated immature DCs from monocytes of noninfected or HIVinfected individuals and pulsed them with either CS or VLPs at a concentration of 10 g/ml overnight. These VLP-loaded DCs were cocultured with autologous PBMCs depleted of monocytes for 40 h, and the number of IFN-␥-producing cells was measured by ELISPOT assay. The results of ELISPOT are shown in Fig. 7 . Two of the noninfected individuals showed a significant level of VLP response (177 and 214 IFN-␥ ϩ cells per million PBMCs), but the overall response of noninfected individuals to VLPs (average, 101 IFN-␥ ϩ cells per million PBMCs) was not statistically different from that of noninfected individuals to CS (average, 64 IFN-␥ ϩ cells per million PBMCs). Although some HIV-infected patients exhibited a considerable response to CS compared to noninfected individuals, the differences were not significant. In contrast, the number of VLP-reactive T cells was higher than that of CS-reactive T cells in most of the HIV-infected patients (P ϭ 0.008). Of note, one patient showed a high response to CS (1,097 cells) and an even higher response to VLPs (1,683 cells). This patient and one who did not respond to VLPs at all were not being treated with any kind of therapy despite their high virus loads (56,000 and 61,000 copies/mm 3 , respectively). The response to VLPs in HIV-infected patients was quite variable but still significantly higher than that of noninfected individuals to VLPs (P ϭ 0.004). These results indicate that Gag-reactive T cells are activated by VLP-derived antigen-presenting DCs.
DCs are potent APCs which can present exogenous antigens not only to CD4 ϩ T cells but also to CD8 ϩ T cells by crosspresentation. To examine whether VLPs were cross-presented by DCs, CD4
ϩ or CD8 ϩ enriched T cells were cocultured with VLP-loaded DCs, and the number of IFN-␥-producing cells was measured by ELISPOT. As shown in Fig. 8 , although CD4 ϩ T cells were the major cell population that responded to yeast VLPs, CD8
ϩ T cells were also activated to some extent. In some patients (G and H), whose responses to yeast VLPs were very high, CD8 ϩ T cells were strongly activated. Thus, cross-presentation of yeast VLPs by DCs did occur. Considering that circulating Gag p24 antigen is frequently detectable during HIV infection, such cross-presentation may play some roles in priming and activation of CTL in vivo.
Gag-specific CD8 ؉ T cells express perforin after coculture with yeast VLP-loaded DCs in LTNPs. Whether Gag-specific memory CD8
ϩ T cells of chronically HIV-infected individuals are capable of being terminally differentiated to perforin-positive effector T cells through cross-presentation of yeast VLPs by DCs was the next question. We selected three patients who had HLA-A2 in the French ALT cohort of LTNPs and SPs and analyzed A2-restricted Gag-or Pol-specific CD8 ϩ T cells by flow cytometry. Their PBMCs have been frozen each year since 1996. The immunological and virological characteristics of these three patients are shown in Table 1 . Gag-tetramer-positive CD8 ϩ T cells were frequently detected, whereas the frequencies of Pol-tetramer-positive CD8 ϩ T cells were very low in all patients. We found that about half of the total CD8 ϩ T cells in PBMCs expressed perforin ex vivo in patient L2 and that most of his Gag-specific CD8 ϩ T cells were perforin positive (Fig. 9) . In this particular patient, most of the EBVspecific CD8 ϩ T cells were also perforin positive. In contrast, the expression of perforin was low in the total CD8 population of patients L1 and L3, and perforin was expressed only in 0.06% and 2.5% of Gag-tetramer-positive cells, respectively. When PBMCs were stimulated with the same peptide as Gag tetramer, IFN-␥ ϩ CD8 ϩ T cells in patients L1, L2, and L3 were 0.8, 0.35, and 0.68% of the total CD8 ϩ T cells, respectively, indicating that only a small population of Gag peptide-specific (tetramer positive) CD8 ϩ T cells can be activated immediately after peptide stimulation.
We then cocultured PBMCs of these patients with their own DCs that had been pulsed with CS or yeast VLPs. Frozen samples for patient L1 from 1996 and for patient L3 from 1998 were examined, but unfortunately, PBMCs were not available for patient L2 for further experimentation because of the shortage of the cell stock. Seven days after coculture of PBMCs with DCs in the presence of CS or VLPs, cells were collected and analyzed for the expression of perforin by FACS. As shown in Fig. 10 , in patient L1, who maintained a low virus load (Fig. 10b) , 0.68% of 2.24% Gag-specific CD8 ϩ T cells expressed perforin after VLP stimulation while perforin expression was negligible following control CS stimulation (Fig.  10a) . When CD8 high SSC high activated blast cells were gated (Fig. 10c) , they were all found to be perforin positive (Fig.  10d) . Similarly, in patient L3, 0.36% of 1.14% Gag-specific CD8 ϩ T cells were perforin positive (Fig. 10b) following coculture with DCs pulsed with yeast VLPs, and as in patient L1, all CD8
high SSC high activated cells were perforin positive (Fig.  10d) . These results indicate that approximately one-third of Gag-specific memory CD8 ϩ T cells in chronically HIV-infected individuals can develop into effector T cells by crosspresentation of DCs, irrespective of the virus load (Table 1) . However, in patient L3, who had a high virus load, the number of Gag-specific CD8 ϩ T cells was markedly reduced from 3.12% before cultivation (Table 1 ) to 1.14% after cultivation, which did not occur in patient L1, who had a low virus load. Therefore, the potent stimulation of HIV-specific T cells may not always be beneficial for those patients who have been chronically exposed to a high level of viral antigens.
DISCUSSION
We have shown here that yeast-derived VLPs are efficiently internalized by DCs via both macropinocytosis and endocytosis mediated by mannose-recognizing receptors but not by the mannose receptor. The uptake of yeast VLPs induced DC maturation, resulting in the production of cytokines, particularly IL-12 p70. Control supernatant containing yeast membrane alone induced a DC maturation phenotype similar to that of VLPs. However, cytokine production and MLR by DCs stimulated with CS was much less than that by DCs stimulated with VLP, suggesting that although cytokine production by DCs is accompanied by the upregulation of several maturation-associated markers, it requires a separate signal that is distinct from that for phenotypic maturation. Although TNF-␣ production by LPS-stimulated DCs has been reported to be mediated mostly by TLR4 signaling (reviewed in reference 2), our study showed that TNF-␣ production by VLP-stimulated DCs is mediated by TLR2 but not by TLR4 signaling. TLR2 is known to form a heterodimer with either TLR1 or TLR6 (2) . Which of these molecules is involved in the signaling of yeast VLPs for DCs is currently unknown. It should be noted that VLP-stimulated DCs produce a much higher level of IL-12 p70 and a lower level of IL-10 than LPS-stimulated DCs and that the signaling through TLRs was not directly involved in this dominant IL-12 production by VLP. In line with this notion, Gartner et al. quite recently reported that dectin-1, rich in DCs and one of the C-type lectins that recognizes ␤-glucan-containing particles such as zymosan, collaborated with TLR2 for the signaling to enhance IL-12 production (12). Such collaborative signaling probably mediated the effect of yeast VLP observed in this study. Together, our results suggest that yeast VLPs, with a combination of virion-like structure and yeast membrane components, might preferentially target DCs to induce strong Th1-type immune responses.
Cross-priming is an important mechanism for the induction of CTL responses against infection. DCs are the primary APCs that can present exogenous antigens efficiently to CTLs (8). Quite recently, Jung et al., using CD11c-driven diphtheria toxin receptor-transgenic mice, elegantly demonstrated that DCs were the critical APCs for the cross-presentation of exogenous antigens or apoptotic cells to induce CTLs against Listeria monocytogenes or Plasmodium yoelii (18) . Previous reports have shown that a noninfectious form of antigen such as VLP can be efficiently taken up by a murine DC line, and such an incorporated antigen can be presented via MHC class I molecules in vitro (5) . Here, we demonstrated that DCs loaded with yeast VLPs are able to activate Gag-specific CD8 ϩ T cells of HIV-infected individuals. As a high level of p24 antigenemia and subsequent anti-p24 antibody levels are the common features of HIV infection, it is highly likely that the Gag p24 and anti-p24 antibody immune complexes are cross-presented by DCs. Although the importance of cross-presentation of exogenous or apoptotic cell-associated HIV antigens during HIV infection is still unknown, at least some CD8 ϩ T-cell responses against HIV may be induced by cross-presentation of such antigens by DCs (47) . Circulating blood DCs are reduced in number in HIV-infected individuals (15) , and it has also been shown that interdigitating DCs in lymphoid tissue express only a low level of costimulatory molecules during acute and chronic HIV infection (26) . DCs are a heterogeneous population, and these blood or interdigitating DCs are phenotypically quite distinct from the monocyte-derived DCs we used here. However, any type of DC with impaired cross-presenting activity in vivo should be considered a major player in the progression of disturbed immune function during chronic HIV infection.
Perforin expression in circulating CD8 ϩ T cells was low in two patients, but as illustrated by patient L2 in this study, it can be quite variable, a phenomenon that has also been described by others (3, 25) . We observed that the perforin expression of HIV-specific CD8 ϩ T cells in LTNPs and SPs is relatively low compared to that in progressors, despite the presence of a high level of activated HIV-specific memory CD8 ϩ T cells in LTNPs and SPs. Furthermore, the level of perforin expression was well correlated with virus load (Sun et al., submitted). Therefore, perforin expression in vivo may reflect ongoing activation of HIV-specific CD8 ϩ T cells against HIV but is not indicative of T-cell dysfunction.
It is commonly believed that IFN-␥ production represents the immediate response of antigen-specific CD8 ϩ T cells to peptide antigen stimulation (22) . For example, based on the fact that many of the tetramer-positive cells of HIV-infected individuals do not produce IFN-␥ upon peptide stimulation, the function of HIV-specific CD8 ϩ T cells has been considered impaired (20, 37) . However, although immediate IFN-␥ production upon antigen stimulation is an important function of antigen-specific CD8 ϩ T cells, the activated memory T cells must undergo further maturation to become effectors. Because perforin is an effector molecule of CD8 ϩ T cells that is essential for killing target cells, we considered that the analysis of perforin expression would be crucial for the evaluation of the functional activation of memory CTLs following in vitro stimulation. In fact, it was previously shown that for the development of CD8 ϩ T cells against Mycobacterium bovis bacillus Calmette-Guérin-infected DCs, the expression of IFN-␥ and perforin was differentially regulated (42) .
When HIV-specific CD8 ϩ T cells in LTNPs were cultured with DCs loaded with VLPs, perforin expression was partially induced but still not complete. This could be due to the low level of antigen cross-presented by DCs or may reflect the different stages of CD8 ϩ T-cell differentiation. Gea-Banacloche et al. reported that, by stimulating PBMCs with HIVinfected CD4
ϩ T cells for 6 days in vitro, perforin expression was coupled with HIV-specific CD8 ϩ T-cell proliferation and that this proliferation in progressors was specifically impaired while IFN-␥ production was maintained (28) . These findings may explain the partial lack of perforin expression in HIVspecific CD8 ϩ T cells that we observed even after in vitro stimulation with DCs. Of note, it has also been reported that HIV-specific CD4 ϩ T cells do not proliferate in viremic patients, despite the fact that they were frequently present and capable of producing IFN-␥ (27) . The clonal expansion of HIVspecific T cells during immune responses is absolutely crucial for controlling HIV infection, although why neither HIV-specific CD4 ϩ nor CD8 ϩ T cells are able to proliferate upon antigen stimulation is currently unknown. Because HIV-specific T cells are known to be highly activated by chronic exposure to viral antigens, the lack of proliferation may be explained by the fact that they are prone to die via apoptosis immediately following in vitro restimulation, as observed with patient L3.
We demonstrated here that it is possible to induce terminal differentiation of HIV-specific memory CD8
ϩ T cells by crosspresentation of yeast VLP-loaded DCs but that this is only a partial effect. Cross-presentation of exogenous antigens may not be strong enough to activate unresponsive CD8 ϩ T cells compared to internally expressed antigens during virus infection. However, even in chronically HIV-infected individuals, DCs generated in vitro were shown to be functionally competent and were able to restore anti-HIV responses after repeated in vitro stimulation with liposome-complexed p55 Gag protein (10) . Taking as an advantage that yeast VLPs can induce a high level of IL-12 production accompanied by the maturation of DCs, we consider that, in combination with other vaccine regimens, yeast VLPs should be useful for stimulating Gag-specific T cells in HIV-infected individuals.
